ABSTRACT
INTRODUCTION
Death of photoreceptors is the major pathological endpoint in retinal diseases such as retinitis pigmentosa, age-related macular degeneration and retinal detachment. [1] [2] [3] Photoreceptor loss in these diverse disease conditions involves programmed cell death by apoptosis. [4] [5] [6] Apoptosis of photoreceptors can result from the environmental changes in the retina rather than a direct cell-autonomous mechanism. 7 For example, in retinitis pigmentosa (RP), a common inherited retinal dystrophy in human, the majority of disease-causing mutations are identified in rods but not in cones. However, cones can also die following the loss of rods, presumably responding to a change in the retinal micro-environment caused by the loss of rods. 8 This secondary cone death is recapitulated in the transgenic T17M rhodopsin mouse model of RP under bright white light-induced retinal damage. 9 Interestingly, cones do not always die after loss of rods. For example, photopic exposure-induced increase of rod death in P23H rhodopsin transgenic rats, a model of autosomal dominant RP, is not followed by any detectable cone death. 10 Therefore, it appears that specific rhodopsin mutations, intensity and duration of damaging light to the retina, and condition of rods may all affect the susceptibility and/or timeline of cones to commit cell death.
The intracellular signals and mediators for apoptotic death in photoreceptors have been extensively studied. [11] [12] [13] However, the extrinsic mediators that activate the apoptotic death signal remain unknown as is the relevant mechanism by which dying photoreceptors affect the survival and function of their healthy neighbors. Death of photoreceptors caused by genetic mutations and/or environmental stress such as hypoxia and excess light in the retina results in an increased oxygen level in the retina, [14] [15] [16] as a result of decreased oxygen consumption by the viable photoreceptors and the inability of the choroidal vessels, which nourish the outer retina to auto-regulate. Oxygen is the primary precursor, which, through electron donation, generates various reactive oxygen species (ROS) such as superoxide radicals, hydrogen peroxide and reactive hydroxyl radicals, all of which can induce irreversible damage to DNA, oxidize cellular proteins, enzymes to alter their functions and activities, and fatty acids to generate secondary toxic by-products through lipid peroxidation.
Light plays a precipitating role in the damage and death of photoreceptors and has long been used as a relevant model to study apoptosis of photoreceptors that occurs in human retinal dystrophies. 11, 17 Photo-oxidative damage following ROS attack under prolonged and intense light is the primary cause of death in photoreceptors. In non-neuronal cells, ROS can act not only as signaling molecules to activate stress response pathways, but also as mediators for cell death through modulation of death receptors. For example, production of ROS by the DNA damaging agent, cisplatin, in leukemia cells can promote Fas aggregation to stimulate apoptosis. 18 Other studies have shown that induction of apoptosis by FasL is executed through generation of ROS. 19 Apoptotic death through the death receptor Fas has been well characterized in the immune system. Expression of FasL and Fas is ubiquitous in a variety of tissues including the central nervous system (CNS) and the function of Fas has been shown to be pleiotropic. Beyond its canonical proapoptotic role, Fas has been implicated in embryonic growth, inflammation, differentiation, and proliferation. [20] [21] [22] Interestingly, functional regulation of Fas in the CNS is complex and Fas can be either neuroprotective or pro-apoptotic depending on the neuronal context and disease condition. [23] [24] [25] [26] Upregulation of both FasL and Fas has been found in various neurological diseases 27 , suggesting that there is an alteration of the underlying Fas signaling pathway that may play a role in the neurodegenerative process.
In the visual system, Fas-mediated apoptosis has been demonstrated in experimental models of retinal detachment. 28 Inhibition of Fas promotes photoreceptor survival 29 whereas agonistic activation of Fas in cultures of photoreceptors induces activation of downstream caspase 8. 30 Previous studies applying
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Serial Analysis of Gene Expression (SAGE) have shown that FasL is differentially upregulated in the retina of CRX -/-knockout mice, which develop photoreceptor degeneration at an early postnatal age. 31 Although the identity of the specific retinal cells responsible for the upregulation of FasL is unknown, these studies suggest that Fas might be activated to initiate an extrinsic apoptotic death signal in photoreceptors.
Herein, we sought to investigate the function of the Fas pathway in modulating extrinsic photoreceptor apoptosis using a cellular phototoxicity model.
MATERIALS AND METHODS

Cell Culture, Growth Conditions and Human Eye Tissue Sections
Mouse-derived immortalized photoreceptor cells (661W) were kindly provided by Dr. Muayyad R. AlUbaidi and routinely cultured as described 32 with a minor modification. Instead of DMEM, DMEM+GlutaMAX TM -1 (Invitrogen, Carlsbad, CA) was used as the base medium. Postmortem human eye globes within 6 hours (hrs) of subject death were acquired from Midwest Eye Banks (Ann Arbor, MI). Subjects had no previous history of retinal disease. Vertical paraffin sections (5 micron) at postfixation were prepared on SuperFrost plus slides (Fisher Scientific, Pittsburgh, PA). For all light stress experiments, 661W cells between 35 and 40 passages were used. Cells at 90% confluence were grown on 6-well plates or 60 mm culture dishes with CellBIND Surface (Corning, NY). Cells were pre-treated with 10 µM 9-cis retinal (Sigma, St. Louis, MO) and left overnight in darkness in medium containing 10%
FBS or 1% FBS. The use of different FBS concentrations in the medium was to assess whether there was any influence of FBS that could affect cellular uptake of 9-cis retinal. The following day, the medium was exchanged with serum-free DMEM+ GlutaMAX TM -1. The cells were subject to fluorescent white light (FWL) exposure using a custom-made light box (Aristo Lighting Technologies, Roslyn, NY) with a ventilation device at an emitting intensity of 5500 Lux for 2 to 4 hours. The position of the cultures on the light box was 1cm above the surface and the surrounding temperature was 32 0 C. Control cells were maintained in darkness at an identical ambient temperature.
Fluorescent In Situ Hybridization (FISH) of Fas in Human Retina
Three independent DNA probes (5'-TAG TAA TAC TCT CCT GCT CAA A-3'; 5'-ACA CAA TCT   ACA TCT TCT GCA T-3'; 5'-ATT GTC ATT CTT GAT CTC ATC T- 
Immunofluorescent Detection of Fas in Human Retina
Paraffin-embedded retinal sections were de-paraffinized and hydrated in serial dilutions of ethanol.
Slides were treated with trypsin-based antigen retrieval solution (Abcam, Cambridge, MA) at 37 0 C for 20 minutes, blocked with normal goat and/or donkey serum (depending on the experimental goals for single or co-labeling) at room temperature for 1 hour, followed by incubation with the primary rabbit polyclonal 
Immunoprecipitation and Western Blotting
For immunoprecipitation of RIP1, cellular lysates from 661W cells were prepared using the ProteoJET mammalian cell lysis reagent (Fermentas, Glen Burnie, MD) plus EDTA-free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). Each lysate sample was mixed with a 50µl Dynabeads protein G suspension (Invitrogen, Carlsbad, CA) that was pre-bound with the mouse monoclonal anti-RIP1
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) at room temperature for 10 minutes. An equal aliquot volume of lysates was saved at the same time to be used as an input control. After incubation, the supernatants were removed after separation from the beads with a magnetic device. The beads-antibodyantigen complex was washed 3 times to remove any non-specific binding and the antibody-antigen complex was finally eluted at a final 20µl volume. To examine the expression of soluble FasL, confluent 661W cells were serum starved under dark for 24 hours, followed either by light exposure or continuing darkness for an identical duration. Conditioned medium was collected and concentrated using sizeexclusion concentrators (9kD cutoff, Pierce, Rockford, IL). Using the same pools of cells for collection of conditioned medium, total membrane proteins, plasma membrane proteins and cytosolic proteins were sequentially extracted using the protein extraction kit (Abcam, Cambridge, MA). Extracted membrane proteins were dissolved in 0.5% Triton X-100 in PBS. The protein concentration of samples was determined using the microBCA protein assay (Thermo Scientific, Pittsburgh, PA). Heat-denatured protein samples were separated by SDS-PAGE under reduced condition using 10% Mini-PROTEAN
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TGX gels (Bio-Rad, Hercules, CA), followed by transferring to a PVDF membrane for western blotting.
The 
FACS Analysis of Apoptosis and Necrosis
To detect the activity of activated caspase-3, 661W cells were pre-treated with z-IETD-FMK, or left untreated for 1 hour in darkness, followed by treatment with recombinant SuperFasL as described in the Two sub-groups of dye-labeled cells were sorted that either had dye labeling indicative of viable cells or had both dye and Alexa Fluor 488 annexin V labeling indicative of apoptotic cells.
Statistical Analysis
P-value was calculated from paired t-test on the presumption that there was no prediction of the results on any two groups of samples. Difference with significance was defined when P < 0.05. Data points were expressed as value ± STD as needed.
RESULTS
Fas is Expressed in Photoreceptors
To detect endogenous expression of Fas in human retina, FISH was carried out in human retinal samples from donor eyes (Fig.1) . Using biotin-labeled DNA probes complementary to human Fas cDNA, strong fluorescent staining for Fas was found in the outer nuclear layer, suggesting that Fas is a transcribed gene in photoreceptors. Very faint and spotted staining was also found in some nuclear bodies in the inner nuclear layer. No apparent staining was found in the remaining retinal layers. To further corroborate the FISH results at the protein levels, immunofluorescent labeling experiments were carried out in human retinas as well as in the mouse-derived photoreceptor cell line (661W) (Fig. 2) . Consistent with the FISH results, Fas expression was found in the outer segments of photoreceptor layer ( 
Recombinant FasL or Fas Agonistic Antibody Treatment Induces Apoptosis
Given the expression of Fas in photoreceptors, we investigated whether the Fas pathway can be activated to induce apoptotic cell death in response to recombinant FasL. The morphology of FasL-treated 661W cells at 48 hours exhibited phenotypic signs of apoptosis that included: clumping, shrinkage, loss of cellular adhesion, and cytoplasmic condensation (data not shown). Apoptosis was further confirmed by TUNEL assay (Fig. 3A) . To assess the possibility of non-specific endotoxic effects from FasL, cells were pre-treated with NOK-2, an anti-FasL neutralizing antibody followed by ligand treatment (Fig. 3B) . In this case, the number of TUNEL positive cells was substantially reduced. Untreated cells or cells that were treated only with NOK-2 did not show any increase in TUNEL positive cells (Fig. 3C-D) . In independent experiments, 661W cells were also treated with the anti-Fas monoclonal antibody Jo2, which acts as a Fas agonist. Similar to the FasL treatment, a significant number of TUNEL positive cells were observed (Fig. 3E) . Virtually no TUNEL positive cells were observed in the isotype IgG-treated cells at an equivalent dose (Fig. 3F) . Quantitative analysis indicated that there was a correlation between the dosage of FasL (up to 1 µg/ml) and the number of TUNEL positive cells. The maximum percentage of TUNEL positive cells was nearly 65% (Fig. 3G) . FasL treatment at higher dosage (up to 3 µg/ml) did not further increase the number of TUNEL positive cells, indicating a saturation effect of apoptosis induction by the ligand. In the Fas agonist Jo2-treated cells at 2-5 µg/ml, 40% of cells were TUNEL positive.
Higher dosages of Jo2 induced were cytotoxic because the isotype IgG2 serum at equivalent dose increased cell death. These results from in vitro treatments indicate that Fas is functionally active in photoreceptors and has a pro-apoptotic role after engagement with the ligand.
FasL-induced Apoptotic Cell Death Involves Capsase 8 Dependent Caspase-3 Activation
To determine whether caspase-8 is required in FasL-induced apoptotic death, 661W cells were pre-treated with the caspase-8 inhibitor z-IETD-FMK for 1 hour prior to stimulation by the recombinant FasL. At 48 hours post-treatment, activation of the executioner caspase-3 was detected by immunofluorescence using an antibody that only detects the activated form of caspase-3 (Fig. 4) . Non-treated cells showed very low fluorescent signal for this protease (Fig. 4A) . In sharp contrast, ligand-treated cells showed intense and patchy fluorescent labeling (Fig. 4B ). In the presence of z-IETD-FMK, the distribution and intensity of the fluorescent signal was greatly reduced (Fig. 4C) . Only random and weak fluorescent signal was observed in the multiple non-overlapping visual fields. To corroborate this result quantitatively, the cells under identical treatments were labeled with the cell permeable FITC-conjugated caspase-3 inhibitor, DEVD-FMK, followed by FACS analysis. At baseline control, non-treated cells with FITC-DEVD-FMK binding were about 17% of counted cells (R4) (Fig. 4D) . Ligand-treated cells showed a significant increase of fluorescence to about 35% in the same numbers of counted cells (Fig. 4E) . Cells pre-treated with z-IETD showed substantial reduction of FITC-DEVD-FMK binding to about 22% of counted cells (Fig. 4F) . Together, results from immunofluorescent labeling and FACS analysis together strongly indicate that Fas-mediated apoptotic death in photoreceptors follows a caspase-8 dependent process involving activation of downstream executioner caspase-3.
Fluorescent White Light (FWL) Induces both Apoptosis and Necrosis in 661W Cells
661W cells were subjected to FWL exposure with the goal of understanding whether Fas signaling participates in phototoxicity-mediated cell death. FWL induced both apoptosis and necrosis in 661W 
RIP1 Is Involved in Necrotic Death under Light Stress
Evidence has suggested that necrosis can be a form of regulated cell death (necroptosis). 34 The receptorinteracting protein 1 (RIP1), which acts downstream of the death receptors, is a key regulator of necroptosis. 35 Pharmacological inhibition of RIP1 to block its kinase activity by the specific inhibitor Necrotstatin-1 (Nec-1) can prevent necroptosis. 36 To investigate whether the secondary death phenotype did not significantly alter the phosphorylation of RIP1 (Fig. 6H top panel, lane 6 ), suggesting that anti-Fas induced secondary necroptosis is independent on the kinase activity of RIP1.
A Cleaved FasL is Anchored on the Cell Surface
We assessed the expression of the key component proteins in the Fas pathway. Conditioned medium from 661W cells was harvested and concentrated after light stress or under continuous darkness to detect the expression of the soluble FasL (sFasL) by western blot (Fig. 7) . No sFasL was detected. However, membrane-bound (m)FasL at the expected molecular weight of 40 kDa and sFasL (27 kDa) were detected in the cytosolic fraction. No mFasL was detected in the prepared plasma membrane fraction. However, a 27kD processed protein similar in molecular weight to the reported membrane-inserted sFasL 37 
The Cleaved FasL Contributes to Fas-mediated Apoptotic Death through a Paracrine Mechanism
To understand whether the processed FasL identified on the membrane is able to induce Fas-mediated apoptosis, a live cell labeling experiment was performed. Cells were labeled with the fluorescent celltracker blue dye, followed by incubation with light-exposed cells or their conditioned medium for apoptotic evaluation by FACS. Dye-labeled cells co-incubated with the medium or cells that had been left in darkness showed very few apoptotic cells, 0.34% and 1.9%, respectively (Fig. 8A -B in top right quadrant). However, dye-labeled cells co-incubated with conditioned medium or cells that were exposed to light showed a significant elevation in numbers of apoptotic cells to 59% and 39%, respectively ( Fig.   8C-D) . This apoptotic response was partially attenuated with the anti-FasL antibody MFL3 (Fig. 8E-F) .
These findings suggest that there is a soluble form of FasL present in the medium and that under light stress, both this soluble from of FasL and the cleaved FasL on the cell surface are active in engagement with Fas to initiate apoptotic death through a paracrine mechanism.
DISCUSSION
Phototoxicity can be used as a model to study apoptotic death of photoreceptors that occurs in inherited retinal dystrophies in human. Over-activation of the visual cycle pathway under light stress is a prerequisite to initiate the apoptotic death signal. 38 Several mediators and the intrinsic signaling events to execute the apoptotic cascade through either caspases or caspase-independent pathways have been identified. [39] [40] [41] [42] However, it remains unknown whether light-induced apoptosis in photoreceptors can be also mediated by an extrinsic death pathway through the conventional death receptors. The FasL-Fas pathway is an intriguing candidate to investigate this possibility because of its established role in execution of an extrinsic apoptotic death signal.
In this study, we first showed by both in situ hybridization and immunofluorescent studies that
Fas is predominantly expressed in normal human photoreceptors. In 661W photoreceptor cell cultures, as in other CNS neurons, 43 Fas is a cell surface receptor. experiments, confirming the pro-death role of Fas. We also showed that inhibition of caspase-8 significantly prevented ligand-induced activation of caspase-3, demonstrating that Fas-mediated apoptosis in photoreceptors is a caspase-dependent process (Fig. 4) . The FACS analysis revealed that there were fewer cells with activated caspase-3 after FasL treatment than the total number of TUNEL positive cells.
This may be due to Fas-mediated activation of other caspases 49 or activation of caspase 8-independent pathways. interpret the RIP1 phosphorylation-independent induction of necroptosis. One is that another RIP kinase(s) might be involved that induces necroptosis when Fas is inhibited. Another possibility is that the necrotic activity of RIP1 can be regulated through interaction with other death signaling proteins. Similar to our finding, a recent study has shown that administration of Nec-1 can prevent necrotic death of photoreceptors in retinal detachment. 52 Therefore, it appears that RIP1 can regulate necroptotic death in photoreceptors under different photoreceptor pathologies.
We propose two models that relate the Fas pathway to the apoptotic death of photoreceptors under light stress (See Fig. 9 and legend). The first model is ligand (FasL)-dependent, by which Fas is activated to initiate apoptosis through caspases upon binding with the sFasL released into the medium by proteolytic processing of the full-length FasL. Alternatively, in this model, the cleaved form of FasL anchored on the cell surface may also activate Fas through a juxtacrine manner. 53 The second model is ligand-independent, in which Fas is subjected to redox-based structural modifications through ROS in photoreceptors under photo-oxidative stress by light. 54, 55 Although ROS can independently activate the caspase cascade to induce apoptosis, 56, 57 studies by Janssen-Heininger and colleagues have shown that reactive free radicals such as nitrogen dioxide, a potent oxidant similar to ROS, can directly oxidize Fas, which facilitates the recruitment of FADD leading to ligand-independent cell death. 58 Their further studies have shown that S-glutathionylation of specific cysteine residues in Fas promotes activation of caspases and formation of the death-inducing signaling complex (DISC). 59 Other studies have shown that administration of ROS scavengers can inhibit Fas-stimulated formation of the apoptosome in Jurkat cells. 60 Hence, future studies investigating redox regulation of Fas may provide additional insights into its role in photoreceptor death associated with oxidative stress in different retinal degenerative diseases.
The study herein highlights the importance of combined inhibition of both apoptosis and necroptosis in prevention of the death of photoreceptors under light stress. We also demonstrate that apoptosis in photoreceptors under light stress occurs through the "extrinsic" 
